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he collective oscillations of the con-

duction electrons of a metallic nano-

particle (NP) can result in localized
surface plasmon resonances (LSPRs), which
depend sensitively on the NP's size, shape,
and surrounding medium."? In hybrid struc-
tures of NPs, surface plasmon (SP) coupling
can create regions of concentrated fields,
which are the so-called “hot-spots”. Many
applications using LSPRs have been demon-
strated based on these properties. Fano
resonances in metallic nanostructures caused
by the interaction of narrow dark modes with
broad bright modes have gained much atten-
tion in recent years.>~> The coupling can lead
to a plasmon-induced transparency for strong
interactions and near-degenerate levels.®
Traditionally Fano resonances were consid-
ered mostly in quantum systems,” but they
have been realized in different nanostruc-
tures, such as dolmen nanostructures,®® ring-
disk nanocavity,’ nanocross,'® mismatched
NP dimer,"' " heterodimer,'>~'” nanodisk
with symmetry breaking,'® nanoshell,'®%*°
NPs coupling with substrate,”'~>* and NP
oligomer.?*=%” NP oligomer is one of the
most promising nanostructures to form Fano
resonances. For example, a plasmonic hepta-
mer consists of a bright superradiant mode and
a dark subradiant collective mode. The spectral
overlap and destructive interference of these
two modes leads to the formation of the Fano
resonance.?* By adjusting the geometry of
NP oligomers, a plasmonic pentamer,®3?°
quadrumer,** 32 and trimer*>** have been
used to form Fano or Fano-like resonances
too. Reported results also show that by
modifying the interparticle separation, re-
lative particle size, or breaking the symme-
try of a plasmonic oligomer, there is a large
tunability of the modulation depth as
well as the spectral position of the Fano

resonance.>> 38
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Fano resonances in plasmonic nanostructures are
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important for plasmon line shaping.

Compared to a single Fano resonance, multiple Fano resonances can modify plasmon lines

at several spectral positions simultaneously, but they often suffer from weak modulation

depths. In this paper, plasmonic heptamer clusters comprising split nanorings are designed to

form multiple Fano resonances. Three prominent Fano resonances are observed in the spectra

due to the formation of multiple narrow subradiant resonances, and the multiple Fano

resonances can be switched on and off by adjusting the polarization direction. Particularly, by

modifying the geometry parameters, there is a large tunability of the modulation depth of

each Fano resonance. Heptamer clusters comprising

split nanorings are highly suitable for

plasmon line shaping, and it is expected that they are useful for multiwavelength biosensing

and surface-enhanced Raman scattering.

KEYWORDS: surface plasmon - metallic nanostructure - Fano resonances -

oligomer cluster - dark mode - split nanoring

Owing to their asymmetric line shape,
sharp resonance, and sensitivity to a variety
of parameters, Fano resonances are very
useful for plasmon line shaping, and a lot
of applications have been developed based
on this property. For example, radiative
damping at the spectral position of the Fano
resonance can be effectively suppressed,
leading to a narrow line width. As a result,
the figure of merit (FoM) that be used to
characterize the biosensing performance
can be significantly enlarged.>**~** Fano
resonances are also useful for surface en-
hanced Raman scattering (SERS). The field
enhancement needs to be simultaneously
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enhanced at both the pump wavelength and the
Stokes-shift Raman wavelength to further boost the
signal intensity of SERS. There is strong field enhance-
ment at the spectral position of Fano resonance, the
energy of incident light can be effectively confined
around the NPs due to the strong absorption, and Fano
resonances are very suitable for SERS.**~*® Besides the
above applications, Fano resonances have also been
used for enhanced light transmission,*>*° slow light,®
and classical analog of electromagnetically induced
absorption (EIA).>

At the same time, several theories have been used to
describe and explain the formation of Fano resonance.
The plasmon hybridization (PH) model has been pro-
posed to describe the plasmon response of complex
nanostructures of arbitrary shape.>? Coupling between
individual plasmon modes leads to splitting of the
modal energies into bonding and antibonding combi-
nations according to the PH theory. The PH theory is a
powerful tool to investigate SP interactions, and it has
been widely used to help understand the generation of
Fano resonances. Besides the PH theory, the emer-
gence of Fano resonances can be well explained via
the coupled oscillator model.>® For Fano resonances
generated in plasmonic oligomers, symmetry consid-
erations are as important as group theory in molecular
physics, and the group theory has been successfully
used to understand the formation of Fano reso-
nances.>*~>% Not long ago, a straightforward analytical
formula was obtained to study Fano resonance in
plasmonic nanostructures. Without the need of addi-
tional fitting parameters, it allows one to predict or
reproduce the formation of Fano resonances in
coupled nanostructures.’”>®

Recently, multiple Fano resonances have gained
much attention.>®> Compared to a single Fano reso-
nance, a plasmon line can be modified at several
spectral positions simultaneously for multiple Fano
resonances, and it would be useful for multiwave-
length SERS and biosensing. Liu et al. proposed and
fabricated a kind of multilayer plasmonic oligomer
composed of a nanorod and two nanorod dimers,
which possesses two dark quadrupole modes with
energy detuning, resulting in double Fano resonances
in the spectra.?%®" They showed that such a nanostruc-
ture can be used as three-dimensional plasmon rulers.
Artar et al. designed a multilayer nanostructure con-
sisting of coupled meta-atoms, double Fano reso-
nances appeared corresponding to in phase and out
of phase hybridized modes.®> Consequently, they
found double Fano resonances also can be formed in
a hetero-oligomer structure where the multiple radiant
and subradiant modes can be tailored independently,
and due to its inherent asymmetry, the proposed
structure can be used as an ultracompact and highly
directional on-chip antenna.®® After that, Dregely et al.
reported that for a plasmonic oligomer cluster,
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multiple Fano resonances can be observed by adjust-
ing the number of NPs or their respective arrange-
ment.®* With the formation of magnetic plasmons, Liu
et al. showed that a similar NP heptamer chain can be
used as low loss SP waveguiding.®>°® Most recently, Fu
et al. reported the formation of higher order Fano
resonances in dual-disk ring nanostructures.’’”

Although multiple Fano resonances have been gen-
erated and used for certain applications, it can be
found that they still suffer from weak modulation
depths, that is, one or more modulation depths of
the multiple Fano resonances are weak in the spectra,
which is a drawback for plasmon line shaping. In this
paper, we show that for a split nanoring (SNR) with
two gaps, there is a small energy gap between the
dark quadrupole mode and the bright dipole mode.
When the SNRs are aligned together to form a hepta-
mer, the quadrupole and dipole modes of each
SNR are coupling with each other. Calculation results
show that three prominent Fano resonances appear
in the spectra due to the formation of multiple
narrow subradiant resonances, and there is a large
tunability of the modulation depth for each Fano
resonance by modifying the geometry. Heptamer
clusters composed of split nanorings can modify
plasmon lines at several spectral positions at the
same time, and they are highly suitable for plasmon
line shaping.

RESULTS AND DISCUSSION

The inset of Figure 1a shows the geometry of a SNR
with two gaps, where W is the width, G is the length of
the two gaps, R (or r) is the outer radius, and the
thickness is represented by H. The main panel of
Figure 1a is the spectra of a SNR being illuminated
from the side at grazing incidence, where W = 30 nm,
G=30nm,R=75nm, H=40nm, and the refractive index
of surrounding medium is n = 1.33. There are two
resonances around 954 and 1201 nm, which are the
dipole and quadrupole modes, respectively. The quad-
rupole resonance is a dark mode, it couples weakly to
external field, and the quadrupole resonance cannot
be excited under normal incident excitation. The inset
of Figure 1a also shows the extinction spectrum of the
SNR when the polarization is along the x axis, a
resonance around 707 nm is present in the spectrum,
there are six charge lobes around the SNR, and it is far
away from the quadrupole mode.*?

A plasmonic heptamer cluster comprising nanodisks
(or nanospheres) is a promising structure to form Fano
resonance, where the interaction between the in phase
and out of phase collective dipole resonances plays
a key role.* Because of the large energy gap between
the quadrupole and dipole modes, the quadru-
pole resonance is far away from the superradiant
bright mode of the whole structure. The quadrupole
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Figure 1. (a) Spectra of a SNR under oblique incident
excitation, where the inset on the lower right corner repre-
sents the geometry of the SNR, the parameters used are W =
30 nm, G = 30 nm, R = 75 nm, the thickness H = 40 nm, and
the refractive index of surrounding medium is n = 1.33. The
inset on the upper right corner is the extinction spectrum
when the polarization is along the x axis. (b) Spectra of a
plasmonic heptamer cluster composed of SNRs, where the
radius of center SNR and surrounding SNRs are, respec-
tively, R = 80 nm and r = 75 nm, the separation S = 20 nm,
and the dashed line is the extinction spectrum when the
polarization is along the x axis.

resonance of the nanodisk is also relatively weak
compared with the dipole mode. As a result, the
quadrupole mode contributes little to the formation
of the Fano resonance.

Compared with that of a nanodisk, the quadrupole
resonance of a SNR is much stronger, and there is a
small energy gap between the dipole and the quadru-
pole modes. The quadrupole mode of SNRs or similar
structures (nanorod dimers) has been widely used to
form Fano resonances. Consider a plasmonic heptamer
cluster as shown in the inset of Figure 1b, which is
composed of SNRs. According to the PH theory, there is
also a superradiant bright mode when the dipole
resonances of each SNR are in phase. The quadrupole
mode of the SNRs can overlap with the superradiant
bright mode due to the small energy gap, which may
help to form new Fano resonances. The solid lines in
Figure 1b show the spectra of a heptamer cluster
composed of SNRs, where the center ring R = 80 nm,
the surrounding ring r = 75 nm, the separation be-
tween the center and surrounding rings S =20 nm, and
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Figure 2. Extinction spectra evolution versus the radius of
center SNR of the plasmonic heptamer clusters composed
of SNRs, where the other parameters are the same as
Figure 1b.

the polarization is along the y axis. Three Fano reso-
nances are observed in the spectra, and it is noted that
the fundamental Fano dip is around 1208 nm, which is
almost at the same spectral position as that of the
quadrupole mode of the surrounding SNRs.

The dashed line in Figure 1b is the extinction
spectrum when the polarization is along x axis. As
shown in the inset of Figure 1a, the resonance with
six charge lobes is far away from the quadrupole mode,
it cannot help to form a Fano resonance, and no Fano
resonance is present in the spectrum when the polar-
ization is along the x axis. This phenomenon implies
that with the plasmonic heptamer clusters composed
of SNRs, the multiple Fano resonances can be switched
on and off by adjusting the polarization direction.®*

In the following, we will show that by modifying the
structure geometry, there is a large tunability of the
modulation depth of each Fano resonance. Figure 2
represents the extinction spectra as a function of the
size of center SNR. The overall dipole moment of the
superradiant bright mode increases with an increase
of R, resulting in a spectral broadening. The first Fano
resonance which has the highest energy (marked
with red dashed line) shifts to lower energies with
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increasing R, and the modulation depth increases
dramatically. The modulation depth of the second
Fano resonance (marked with yellow dashed line)
decreases with increasing R, and it is almost at the
same spectral position. As for the third Fano resonance
which has the lowest energy (marked with magenta
dashed line), there is a small kink when R < 80 nm, the
modulation depth increases with the increase of R, and
a small blue shifting is also observed.

To explain the appearance of multiple Fano reso-
nances, near-field and current density vector distribu-
tions at the spectral positions of the superradiant
bright mode as well as the three Fano resonances are
inspected. For the heptamer with R = 80 nm, Figure 3
panels a and b represent the field distributions at the
structure cross section when the incident wavelengths
are 940 and 1500 nm, respectively. Similarly to the case
of a heptamer cluster composed of nanodisks, the
dipole resonances of each SNR oscillate in phase,
resulting in the bright superradiant collective mode,
which has a broad line width. The sum of the dipole
moments of all in phase oscillating SNR plasmons
increases with increasing R, and the line width of the
superradiant bright mode is broadening.

In the case of the first Fano resonance with R =
80 nm, near-field properties are shown in Figure 3c. For
the upper and lower four SNRs, there are strong field
enhancements in the two gaps, and current density
vector distributions imply that there are four charge
lobes around each SNR. It is the same as that of the
quadrupole mode of a SNR, and there is a weak
radiative damping of these SNRs. For the middle three
SNRs, the dipole resonance of the center SNR oscillate
out of phase with the left- and right-side SNRs, result-
ing in a cancellation of their dipole moments. There-
fore, the radiative damping of the whole structure is
weak, and the overall dipole moment decreases dra-
matically at this spectral position, which forms a sub-
radiant collective mode. The subradiant mode is
overlapped with the superradiant bright mode, and
the destructive interference of these two modes leads
to the formation of the first Fano resonance in the
spectra.

It is worth noting that the heptamer cluster can be
separated into two parts: part one, the upper and lower
four SNRs, and part two, the middle three SNRs. As
shown in Figure 3¢, field enhancements at the separa-
tions between these two parts are relatively weak. The
subradiant collective mode of the first Fano resonance
can be viewed as an antibonding resonance according
to the PH theory.

When R is enlarged to 100 nm, Figure 3d represents
the near-field properties at the spectral position of the
first Fano resonance. Compared with that of R =80 nm,
the dipole moment of the center SNR is enlarged,
and the cancellation of dipole moments within the
middle three SNRs becomes more effective, leading to
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Figure 3. Field enhancement (|[E|/|En|) and current density
vector distributions at the cross section of plasmonic hep-
tamer clusters composed of SNRs. (a) The superradiant
bright mode with R = 80 nm at the spectral position of 1 =
940 nm and (b) A = 1500 nm. (c) The first Fano resonance
with R = 80 nm and (d) R = 100 nm. (e) The second Fano
resonance with R = 70 nm and (f) R = 90 nm. (g) The third
Fano resonance with R =90 nm and (h) R=110 nm.

a weaker radiative damping of the subradiant mode. As
a result, the modulation depth of the first Fano reso-
nance is stronger for a heptamer with larger center
SNR. With the increase of R, the dipole resonance
energy of the center SNR decreases, the separations
between the surrounding SNRs are increasing, and
the restoring force associated with the antibonding
mode of the first Fano resonance is reduced. Therefore,
the first Fano resonance shifts to lower energies with
the increase of R.

Figure 3e shows the near-field properties of the
second Fano resonance when R = 70 nm. There are
very strong field enhancements in the two gaps of the
left- and right-side SNRs, the current density vector
distributions imply that it is the same as the quadru-
pole mode, which helps to form a new subradiant
collective mode. The new subradiant mode also over-
laps with the superradiant bright mode, and the
destructive interference of these two modes leads to
the formation of the second Fano resonance. Near-field
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properties of the second Fano resonance when R =
90 nm are represented in Figure 3f. The dipole moment
of the center SNR is enlarged compared with that of R =
70 nm, and the separations between the surrounding
SNRs are also increased, leading to a weaker SP cou-
pling. Therefore, the modulation depth of the second
Fano resonance decreases with increasing R. The
quadrupole resonance of the surrounding SNRs is the
main cause of the subradiant mode of the second Fano
resonance, and it is almost at the same spectral posi-
tion for different clusters since the geometry of sur-
rounding SNRs is unchanged.

The formation of the third Fano resonance also can
be understood by investigating the near-field proper-
ties. Figure 3g shows the near-field and current density
vector distributions of the third Fano resonance when
R =90 nm. It can be found that the current density
vector distributions of each SNR are the same as the
first Fano resonance, resulting in a weak radiative
damping, which forms another new subradiant mode,
and the third Fano resonance arises at this spectral
position. But compared with that of the first Fano
resonance, there are stronger field enhancements
between the two parts of the cluster. According to
the PH theory, the subradiant mode of the third Fano
resonance can be viewed as the corresponding bond-
ing resonance. When R is enlarged to 110 nm, near-
field properties of the third Fano resonance are seen
(Figure 3h). Like the first Fano resonance, the dipole
moment of the center SNR is increased, and there is a
more effective cancellation of the dipole moments
of the middle three SNRs, which leads to an increase
in the modulation depth. Since the separations
between the surrounding SNRs increase with increas-
ing R, the third Fano resonance is blue shifted because
of the weaker SP interactions.

Compared to that of the first Fano resonance, the
modulation depth of the third Fano resonance is much
weaker when R < 90 nm. As it has been mentioned
before, at the spectral position of the third Fano
resonance, there are strong field enhancements be-
tween the two parts of the cluster, which would
generate additional dipole moments. The current den-
sity vector distributions imply that the plasmon oscilla-
tion is out of phase between region one (marked with
white circles in Figure 3g) and region two (marked with
red circles in Figure 3g), and there is a cancellation of
their dipole moments. But the separations of region
one and region two are not equal to each other. Former
studies have shown that for a NP dimer, SP coupling
strength in the gap increases exponentially with the
decreasing of the separation. For the same reason, the
cancellation of dipole moments between these two
regions is not so effective when R is small, and there is
only a kink of the third Fano resonance when R <
80 nm.
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Figure 4. (a) Extinction spectrum of the cluster when the
center SNR is removed (red line), and the corresponding
extinction spectrum of the heptamer with R = 80 nm (black
line). (c) Near-field properties at the spectral position of the
superradiant bright mode, and (d) the Fano resonance of
the hexamer, where the parameters used are the same as in
Figure 1b.

Compared to a heptamer cluster composed of na-
nodisks, all of the three Fano resonances are in the
near-infrared as shown in Figure 2. Since the first Fano
resonance is related to the subradiant antibonding
mode, which has a higher energy than the quadrupole
mode of SNRs, one may expect that the first Fano
resonance can be shifted to the visible by modifying
the geometry parameters. Extinction spectra of the
clusters with different overall size are represented in
Figure S1 in the Supporting Information, the first Fano
resonance is around 754 nm when the overall size is
scaled down to 25% of the original structure, and due
to the decrease of the radiative damping of the super-
radiant bright mode, the modulation depths of the
Fano resonances decrease with the decrease of the
overall size.

The above discussions have shown that the first and
the third Fano resonances are related to the center
SNR, and the surrounding SNRs play the key roles for
the formation of the second Fano resonance. To con-
firm these conclusions, the optical response of a cluster
without a center SNR is investigated. The red line in
Figure 4a is the extinction spectrum of the cluster
without a center SNR. Compared with that of the
heptamer (black line), there is only one Fano resonance
around 1208 nm, which is at the same spectral position
of the second Fano resonance. The first and the third
Fano resonances are not observed in this case because
of the absence of the center SNR. Figure 4b shows
the near-field properties of the bright superradiant
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Figure 5. Extinction spectra of plasmonic heptamer clusters
composed of SNRs as a function of the separation S, where
the other parameters are the same as Figure 1b.

resonance at 1500 nm, where dipole resonances of
each SNR oscillate in phase. The overall dipole moment
is reduced when the center SNR is removed, and the
line width of the superradiant mode is narrower than
that of the heptamer. In Figure 4c, near-field distribu-
tions at the spectral position of the Fano resonance are
plotted. As the second Fano resonance of the hepta-
mer, the quadrupole mode of the surrounding SNRs
overlaps with the superradiant mode, leading to the
formation of the Fano resonance.

Another possibility to modify the modulation depths
of the multiple Fano resonances is by adjusting the
separation S. Figure 5 shows the relationship between
the extinction spectra and S of the heptamer cluster.
The bright superradiant mode is broadening with the
decrease of S. The first Fano resonance slightly shifts to
lower energies with the increase of S. The second Fano
resonance is almost at the same spectral position, but
the modulation depth decreases dramatically with the
increase of S, and a decreasing symmetry of the second
Fano resonance is also observed in the spectra. For the
third Fano resonance, it is blue shifting with the
increase of S, the modulation depth is decreasing,
and there is only a kink when S > 30 nm.

LIU ET AL.

2=1208 nm|S=10nm

Figure 6. Near-field properties of (a) the superradiant
bright mode, (b) the first, (c) the second, and (d) the third
Fano resonances of the heptamer with $ = 10 nm.

Near-field properties of the heptamers with different
S also will be inspected to understand the underlying
physics of the changes of spectral features. Figure 6a
shows the near-field distribution of the heptamer with
S =10 nm when A = 1648 nm. Dipole resonances of
each SNR oscillate in phase, resulting in the super-
radiant bright mode. When S is enlarged, there are
weaker SP interactions between these SNRs, and the
overall dipole moment of the whole structure is de-
creased. Consequently, the superradiant bright mode
shifts to higher energies, and the corresponding line
width becomes narrower. The near-field properties of
the first Fano resonance around 997 nm are repre-
sented in Figure 6b. Owing to the antibonding reso-
nance of the subradiant mode of the first Fano
resonance, field enhancements in the separations are
weak, and the restoring force of the subradiant mode
decreases with the increase of S. Just like the antibond-
ing resonance of a nanorod dimer,%® the subradiant
mode is red shifting with the increase of S, and the first
Fano resonance shifts to lower energies. With the blue
shifting of the superradiant bright mode, the energy
gap between the superradiant and subradiant mode of
the first Fano resonance is decreased, and the modula-
tion depth of the first Fano resonance is not changed
much. Near-field properties of the second Fano reso-
nance are represented in Figure 6c¢. It has been noted
that the second Fano resonance is related to the
quadrupole mode of the surrounding SNRs. Since the
geometry of the surrounding SNRs is unchanged, the
second Fano resonance is at the same spectral position
for different S. On the other hand, SP interactions
between the SNRs decrease with the increase of S,
leading to a weaker SP coupling. As a result, the
modulation depth of the second Fano resonance
decreases with the increase of S. Figure 6d represents
the near-field properties of the third Fano resonance
when S = 10 nm. Compared with that of the first Fano
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Figure 7. Extinction spectra of plasmonic heptamer clusters
composed of SNRs versus the gap size G of SNRs, where the
other parameters are the same as defined in Figure 1b.

resonance caused by the antibonding mode, there are
stronger field enhancements in the separations caused
by the bonding mode of the third Fano resonance. SP
interactions decrease with the increase of S, leading to
the blue shift of the third Fano resonance. At the same
time the superradiant bright mode is blue shifting,
the radiative damping of the superradiant bright mode
decreases dramatically at the spectral position of the
bonding resonance. Therefore, the modulation depth
of the third Fano resonance decreases with the in-
crease of S, and there is only a kink for a large
separation.

The optical responses of SNRs can be affected by the
gap size G significantly, so one can expect that the
spectral feature of the heptamer can be modified by G.
Figure 7 shows the extinction spectra evolution versus
G. All of the three Fano resonances shift to lower
energies with the decrease of G, and the second Fano
resonance has the most prominent red shifting. The
modulation depth of the first Fano resonance increases
with the decrease of G, while the symmetry of the
spectral feature increases. On the other hand, the
modulation depths of the second and the third Fano
resonances decrease with the decrease of G, the

LIU ET AL.

Figure 8. Near-field properties of (a) the superradiant
bright mode, (b) the first, (c) the second, and (d) the third
Fano resonances of the heptamer with G = 40 nm.

second Fano resonance is not visible in the spectral
range when G < 10 nm, and there is only a kink for the
third Fano resonance when G < 25 nm. Especially, it is
found that the first Fano resonance evolves into the
only one prominent Fano resonance when G =0, which
is in accordance with that of a plasmonic heptamer
composed of nanodisks.

Near-field properties of the heptamer with G =
40 nm are plotted in Figure 8 to explain the spectral
differences. The superradiant bright mode shown in
Figure 8a is causing by the collective in phase dipole
resonance of the SNRs. There is a minor influence to the
dipole resonance of a SNR by modifying G, so the line
width as well as the spectral position of the super-
radiant bright mode is not changed much. SP interac-
tions in the two gaps of a SNR are stronger for a smaller
G, and it can be expected that the quadrupole mode of
the SNRs is red shifting with the decreasing of G. The
above studies have shown that the three Fano reso-
nances are related to the quadrupole mode of the
surrounding SNRs. As a result, all of the three Fano
resonances red shift with the decrease of G according
to the PH theory. On the other hand, at the spectral
position of the first Fano resonance shown in Figure 8b,
the charge distributions of the upper and lower SNRs
are similar as the quadrupole mode, but field enhance-
ments in the two gaps of a SNR are not equal to each
other. This phenomenon reveals that the cancellation
of the dipole moments in the two gaps is not as
effective as the quadrupole mode of a SNR. With the
decrease of G, the cancellation of dipole moments
becomes more effective. At the same time, the energy
gap between the subradiant antibonding mode and
the superradiant bright mode decreases, leading to the
enhancement of the modulation depth of the first Fano
resonance, and it evolves into a symmetric Fano line as
that of a heptamer composed of nanodisks when G=0.
The second Fano resonance represented in Figure 8c
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Figure 9. Simulation results of the coupled oscillator model. (a) Comparison between the extinction spectrum calculated with
FDTD (black solid line) and the absorbed power by oscillator |s) by using the coupled oscillator model (red dashed line), where
R =90 nm. (b) The simulated coupling strengths versus the center ring radius R, (c) the separation S, and (d) the gap size G. The

other parameters are the same as in Figure 1b.

red shifts dramatically with the decrease of G, which
means the quadrupole mode of the surrounding SNRs
shifts toward to the tail of the superradiant bright
resonance, at where the radiative damping of the
superradiant mode is weak, resulting in a decrease of
the modulation depth of the second Fano resonance.
When G < 10 nm, the quadrupole mode is out of the
spectral range, and the second Fano resonance is not
visible in the spectra. For the same reason, at the
spectral position of the subradiant bonding mode of
the third Fano resonance as shown in Figure 8d,
radiative damping of the superradiant resonance de-
creases with the decrease of G, leading to the decrease
of the modulation depth of the third Fano resonance.

To quantitatively characterize the coupling strengths
between the superradiant and subradiant modes of
the three Fano resonances, a mechanical model
consisting of four coupled oscillators as shown in the
inset of Figure 9a is used to study the formation of the
multiple Fano resonances.'®*® All of the mass values
are supposed to be 1, and only oscillator |s) is driven by
a harmonic force as that of the optical excitation of the
superradiant bright mode. The three subradiant modes
related to the multiple Fano resonances are repre-
sented by, respectively, oscillator |1), |2), and |3). They
are only excited because of the coupling with oscillator
|s), and there are also weak couplings between
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oscillators |1), |2), and |3). The red dashed line in
Figure 9a is the calculation result of the absorbed
power by oscillator |s) from the external force, and it
agrees well with the extinction spectrum. Figure 9b
shows the relationships between the simulated cou-
pling strengths and the radius R of the center SNR. The
coupling strengths of the first and the third Fano
resonances increase dramatically with the increase of
R, while the coupling strength of the second Fano
resonance decreases. The simulation results are in
accordance with the variations of the modulation
depths of the three Fano resonances calculated with
FDTD. The evolutions of the coupling strengths of the
multiple Fano resonances with the separation S are
represented in Figure 9c. There is a minor change of
the coupling strength of the first Fano resonance, and
the modulation depth is not changed much as we have
observed before. The coupling strengths of the second
and the third Fano resonances decrease with the
increase of S, leading to the decrease of the modula-
tion depths. Figure 9d shows the variations of the
coupling strengths against the gap size G. The same
as the extinction spectra, the coupling strength of the
first Fano resonance decreases with the increase of G,
while the coupling strengths of the other two Fano
resonances increase. Please refer to the Supporting
Information for the motion equations, parameters
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Figure 10. Extinction spectra versus the radius of center
SNR for plasmonic heptamer clusters composed of SNRs
with the new arrangement as shown in the inset, where the
other parameters are the same as in Figure 1b.

used, and the comparisons between the simulation
results of coupled oscillator model and FDTD.

Next, heptamer clusters with another arrangement
are investigated, where the gaps of each SNR are along
the x axis (inset of Figure 10). The extinction spectra
with different center SNRs are shown in the main panel
of Figure 10. Three Fano resonances are also present in
the spectra. The first Fano resonance with the highest
energy is red shifting with the increase of R, the
modulation depth is weak, and there is only a kink
when R < 80 nm. The modulation depth of the second
Fano resonance increases with the increase of R, and it
shifts to lower energies at the same time. For the third
Fano resonance with the lowest energy, there is a blue
shifting with the increase of R, while the modulation
depth increases.

The near-field properties of the superradiant bright
mode of the heptamer with new arrangement when
R =90 nm are shown in Figure 11a. The overall dipole
moment of the whole structure increases with the
increase of R, which leads to the broadening of the
superradiant bright mode. From the near-field distri-
butions of the first Fano resonance as shown in
Figure 11b, one can find that the dipole resonances
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Figure 11. Near-field properties of (a) the superradiant
bright mode, (b) the first, (c) the second, and (d) the third
Fano resonances when R = 90 nm for the heptamer with the
new arrangement.

of the middle three SNRs oscillate out of phase, result-
ing in a cancellation of there dipole moments. Com-
pared to the superradiant bright resonance, there is a
weaker radiative damping at this spectral position,
leading to the formation of the first Fano resonance.
When R < 80 nm, the dipole moment of the center SNR
is much weaker than that of the left- and right-side
SNRs, and the first Fano resonance is not visible in the
spectra. It is also found that the plasmons of the upper
and lower four SNRs oscillate in phase, which has a
strong radiative damping. As a result, the modulation
depth of the first Fano resonance is weak. With the
increase of R, resonance energy of the center SNR is
reduced, leading to a red shift of the first Fano reso-
nance. For the second Fano resonance as shown in
Figure 11¢, the plasmons of the middle three SNRs
oscillate in phase, but they are out of phase with the
other four SNRs, and the overall dipole moment of the
whole structure decreases dramatically at this spectral
position, which generates a new subradiant collective
mode; its coupling with the superradiant bright mode
forms the second Fano resonance. The cancellation of
the overall dipole moments becomes more effective
with the increase of R, and the modulation depth of the
second Fano resonance increases. Due to the reduction
of the resonance energy of the center SNR, the second
Fano resonance also shifts to lower energies with the
increase of R. By inspecting the near-field distributions
of the third Fano resonance as represented in
Figure 11d, one can find the quadrupole resonance
of SNRs causes the third Fano resonance. But com-
pared to the other kind of heptamer, there is a strong
SP coupling between the upper two as well as lower
two SNRs, and the resonance energy of the third Fano
resonance is less than that of the quadrupole mode.
Because of the SP coupling, there is a strong field
enhancement between the upper or lower two SNRs,
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resulting in additional radiative damping at these areas.
The radiative damping is weaker for a larger separation,
and the modulation depth of the third Fano resonance
increases with the increase of R. On the other hand, the
SP coupling strength of the upper two as well as lower
two SNRs decreases with the increase of R, which leads
to a blue shift of the third Fano resonance.

The above studies have shown that by the combina-
tion of the heptamer and SNR, multiple Fano reso-
nances with strong modulation depths can be obtained,
which is very useful for plasmon line shaping. It is also
worth noting that we have provided a method to
design “plasmonic artificial molecules”®® which can
help to find useful optical responses. The formation of
multiple Fano resonances holds true for heptamer
clusters composed of other quadrupole supporting
structures that have the same optical properties as
the SNR. For example, the optical responses of a
heptamer cluster composed of nanorod dimers are
the same as the heptamer cluster composed of SNRs
(Figure S6). For heptamer clusters composed of nano-
particles that have different optical properties as the
SNR, optical responses are also different, but other
useful properties may be found. For example, the
nanocross has a quadrupole mode close to the dipole
resonance, but its resonant energy is higher than
the dipole mode.*' When nanocrosses are arranged
in a heptamer cluster, very interestingly we observed

METHODS

All spectra presented in this article are calculated using the
finite-difference time-domain (FDTD) method.”? In the simula-
tions, the size of the unit cell is 2 x 2 x 2 nm?, the complex
dielectric constants of gold are taken from measured data,”®
and the surrounding medium is assumed to be water with the
refractive index of n = 1.33. During the FDTD calculations, an
electromagnetic pulse in the wavelength range from 790 to
1667 nm was launched into a box containing the target
structure to simulate a propagating plane wave interacting with
the nanostructure. The colorscale for the field enhancements is
linear, and the colorscale is the same for all panels.
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